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ABSTRACT 


The need I d identify spi kes in the concentration of hazardous gases during countdowns to space- 
shuttle launches has led Kennedy Space Center to acquire considerable expertise in the design, 
construction, and operation of special-purpose gas analyzers of niass-s peetroiueter type. If such 
devices could be miniaturized so as Id fit in a small airborne package or backpack than their potential 
applications would include integrated vehicle health monitoring in later -generation space shuttles 
and in hazardous material detection in airports, to name two examples, The buJkiast components 
of such devices are vacuum pumps, particulary those that function in the low vacuum range. Now 
some pumps that operate in the high vacuum range molecular-drag arid turbotnolecular 

pumps) are already small and ragged. The present work aims to determine whether, on physical 
grounds, one may or may not adapt the molecular-drag principle to the low-vacuum range (in 
which case ^scows-dra# principle is the appropriate term). 'The deliverable of the present effort is 
the derivation and justification of some key formulas and calculation methods for the preliminary 
design of a single-spool, spiral-channel viscous-drag pump. 
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FLUID DYNAMICS OF SMALL, RUGGED 
VACUUM PUMPS OF VISCOUS-DRAG TYPE 


John M. Russell 


1. INTRODUCTION 

Consider the gprjtnetry illustrated in Fig. I . i nearby: 


rextf moving to fight at speed W 

* = 0 — 

nocft at rest- 



Fig. 1.1 Concept of a viscous-drag pump 


The no -step boundary condi tion of a viscous 
fluid asserts that a viscous fluid adheres ta any solid 
with which it is in contact. The fluid, that is in con- 
tact with the roof Unis moves with the roof and 
the fluid in contact with the floor remains station- 
ary. The distribution of longitudinal lluid veloc- 
ity, ue with respect to the cross sectional coordi- 
nate, t. is an unknown of the problem . The no-slip 
condition furnishes boundary conditions for thus w- 
disiribut ion. ff tlte channel is blocked at the ends 
then there can be no net mass transport through it. 
in this case the tr- distribution must reverse sign at 
some value of t t as illustrated in Fig. 1 .2. 





I 


One may understand principle of opsrat inn of a 
vise du s-flow pump by considering two extreme cases 


in turn. In the first case there is no imposed pres- 
sure difference between the two ends of the chan- 
nel and the velocity distribution reduces to a sim- 
ple linear interpolation between the boundary val- 
ues. Following; custom, I will refer to this case as 
C DUETT E Row. In CQOETTE flow there is nonzero 
mass transport in the direction of the wall motion 
but neither compression nor expansion. In the sec- 
ond extreme case there is a nan zero imposed pres- 
sure difference between the two ends of the chan- 
nel (higher at the right end, say) but there is no 
wall motion. This latter case corresponds to cap- 
illary flow, in which the mass transport is uouzeto 
and in direction from greater to lesser pressure (i. e 
in the negative s- direct ion in this example). In the 
capillary-flow casa the fluid expands in tire direction 
of its maiiem. 

If. now, there is an imposed difference between 
the presmjas at the ends of the channel and if there 
is wall motion in the direction of increasing pressure 
then the CotHSTTE mechanism — which fevers mass 
transport in the direction of wall motion — and the 
capillary-flow median fern.- — wh id i favors moss trans- 
port iu the opposite direction — are in competition. 
Whenever die COtlETTE mediaoiscn is the domi- 
nant of the two mechanisms (i.e. mass transport is 
in direction of wall motion), the moving- wall chan- 
nel acts as el. campmss&r. I will refer to such a 
compressor as a viemus-drag 'pump. A nioleaiJar- 
drag pump is. of course similar j n concept, except 
that the channel width, h f in the latter ease is 
large Enough compared to the mean flee path of the 
molecules to violate the usual continuum hypothesis 
of fluid mechanics. 

One may imagine bending the straight channel 
illustrated in Fig: 1 into the shape of a corkscrew. 
One may produce such a channel by cutting a screw 
thread from the outer surface of on initially smooth 
cylindrical drum, fly rotating such a drum within a 
smooth circular cylinder one may simulate, approx- 
imately. the conditions described in the foregoing 
paragraphs and thus generate a crude \is cdu 5- diag 
pump. In the following, I will provide detailed for- 
mulas for estimating the performance of a viscous- 
drag pump in according to such a model. 

Consider a definite material paint. IP. on the 
rotating drum situated at a some station along the 
channel. A observer iixed to W would report that 
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The iuMcation-fiow model 


the outer cylinder is in motion and that the local ve- 
locity of the cylinder has nonzero components both 
tan pmt and perpendicular to the screw-thread. In 
the fareping discussion I did not consider the ef- 
fects of a nonzero component of wall motion per- 
pendicular to the screw-thread. An interesting and 
important question, which I will address only par- 
tially in this report, is: How does wed l motion m ih£ 
direction perpendtctdoar to aem*? thread affect the 
jtormt das for predicting &f pump performance? Rir- 
theT work to address this lat ter question is a lit topic 
for lollow -oh work. 

2. METHODS EMPLOYED; CALCULATIQM 
EXAMPLES 

Eqiintioais of motion. T^ypicali sexless. The op- 
eration at a Viscous drag pump Involves the physi- 
cal effects of oDmpresssihility and viscosity, so 1 will 
begin by writing down the pneral Form of the equa- 
tions of motion of a, viscous gas. 1 will suppose a- 
prim% that the coefficients aF shear and bulk vis- 
cosity (denoted ft and « ? respectively) depend only 
upon the absolute temperature, T, and . that the Lat- 
ter is uniform throughout the How. Let p denote 
the mass density oF the gas; let j? denote the equi- 
librium (or thermodynamic) pressure as defined by 
the equation of state of an ideal gas, t.e. 

p^pxr, tm 

{in which R is the gas constant for the particular 
gas under consideration). Let v denote the fluid ve- 
locity vector and let g denote the local gravitational 
fomj-pei-tuxifc-rnass. Then there are two equations 
of motion , namely the? equation of ennjranracfon of 
mass, 

l+v-i^.D, M 

and the equation Fdt the rate of change of transla- 
tional momentum. 

= -Vp f («■ + |/0V(V . v) . 

”■ 2 2 4 

+ pV 2 v+ pg . (2.3) 

5 6 

Equation (2.3) asserts that the mass (per unit vol- 
ume) times the acceferaticin of an in finitesimal fluid 
element equals die Force (per unit volume) exerted 


on the elernent by ire ^urraundin^s. Tkrm 1 is the 
due to unsteadiness of the velocity field (if present). 
Term 2 is due to acceleration of a fluid element as 
it passes through u region where the veloci ty field is 
iionumForm. Fbllowing custom, I will refer to terms 
t and 2 as inertial reaction* due to unsteadiuGss 
and advedion, respectively. T^rra 3 is the port of 
the force (par unit volume) due to unequal surface 
pressures on opposite faces of an element. Terms 4 
and 5 are the parts at to the force (per unit volume) 
due to unequal mswm stresses on opposite faces of 
&u element and Terra 8 Is Che weight Force? (per unit 
volume) on the element. 

I will apply certain idealizations in the sequel. 
First among these is the assumption that the ve- 
locity held is steady in time [sn Term 1 in (2.3) is 
identically zero]. Following custom. I will express 
the remaining idealizations in terms of typzmi dt- 
mesmonal scales of the problem. To this end, let 
t denote a scale typical of the channel length: let h 
denote a scale typical of the channel width : let U de- 
note a scale typical of the Iluid speed and let § | g| 
denote the scalar acceleration due to gravity. 

Then the Fallowing list furnishes estimates at 
the order of magnitude of the various terms in (2.3): 


(Term 2| ^ fU*t~ l . (Term 4| +* fiUt~ l hr l .1 
| Term. 5| *v pL7r 2 . |Thm sj ~~ pg . J 

(2.4) 

The luteicaticm-Mcsfw models I will use the torn 
Imbrication model to describe the case when the fol- 
lowing idealizations all hold: 


h pllh 
£ * ja 




(2.5) 


Now the quantity HT/g has the dimensions of 
length. The length RT/g is called the mde height oj 
the a&mosphem. When the gas is air and T has the 
value 15° Celsius (the sea-level value for the U.S. 
Standard Atmosphere) the scale height has a value 
on the order of 10 km. Thus, as long as the channel 
length. 4T, is small compared to 10 km the assump- 
tion. (2 .o) 3 will be accurate. 

One may justify the neglect of the gravity term 
in (2.3) (*e. Ibrm 6) by form jug the ratio of its 
order of magnitude to that of another term, say 
Term 3: 


[Term 6| pg ysfiHT) ig 
ITenu 3| " Fp| " pff ~ RT * " J 


( 2 . 8 ) 



Lubrication flow with purely longitudinal roof motion 


in which I have made use of (2.1) fin the second 
step) and (2.3)s (in the last). By similar reasoning 
(2.4) and (2.5) enable one to derive the following 
estimates!: 


[Term 2| 
(Term 5j 


h pUh 

£' ft 


<C 1 


(Term 4| h 

l L ^ ^ 1 

[Ter in 5| £ 


(2.7) 

( 2 . 8 ) 


At this paint, one has reason to neglect all af the 
terms in momentum equation, (2.5). except T&rras 3 
and 5. One concludes that these two terms balance 
each other in the hibrication approximation . 

Lubrication Sow with purely fougitodinal 
roof motioiu Here, and elsewhere, there will a be 
a Telocity vector, . which represents the motion 
of the roof of the channel relative to the floor. 1 will 
apply t he phrase pm*dy l&ngimdittcil tvof motion to 
the case when the channel is straight and v™** is 
parallel to its long axis. Let (a* , y. z) be a set of 
cartesian ooaidiuatns arranged so that the positive' 
z-mis is in the direction of . Let (?r, v T tc) be 
the corresponding cartesian components of the ve- 
locity vector, v. Then the form of (2.2) in steady 
flow is 

d{flu) [ djpv) | 6&i c) Q 


&x 

or, equivateutJv, 


as 


& 


ajpu) 

fix 


8{pv) 

% 


(2.9) 


Let V be a, scale typical of the crass-charuiel veloc- 
ity components, u and v. Than under assumptions 
stated earlier we have the estimates 

U 


diflit) dtp®} 

V 


far By 

1 A- 

[ fe 


Thus equation (2.9) implies chat 


U V 
1 ^ h 


From this estimate and (*2.5) 2 , one concludes that 


V h 4 

. — Cl . 

U £ 


( 2 . 10 ) 


Thus, in lubrication Jlow with purely longitudinal 
root motion th& or&ss-ch&mel velocity componantB, 


(if. v ). s/ the mlocitg nst? zmdtl mmjxtred Id t(w lm~ 

i pfcudmal component, w. 

Consider now the momentum equation. (2.3). 
If, for reasons stated above, one keeps only Terms 5 
and 5. and one resolves the resulting vector equation 
into cartesian components one g^ts 


S57 fa 2 u tFn Kpti\ 

& ~ ,u is? 1 ff? + &= J 

dy 1 

dz V&J? ' f B^j 


dy 


fffv 

l ‘W + 


+ T&) 


(2.11) 


Sp f B 2 w 8?w &*w \ 


In view of (2. ID) one may argue that the right mem- 
bers c£ Che Aral two or these equations are small 
compared with the right member of the last. In 
view of the slenderness assumption, (2.5)2 • more- 
over. the second derivative of w with respect to the 
longitudinal coordinate, z f is small compared to the 
second derivatives of w with respnefc to the the errors- 
channel coondinates, x and p. The system <2.1 i 1 
thus reduces to 


£.o 

&x 


5-0 

ay 


ch? ^ f d^w , 

m 4 ffp"j • 

(2.1 2} 

The sv^tem (2.12) implies that the praggesre is effeo 
tivdp xmifmm &t ter tJ\e dmrmet. This cross channel 
uniformity of the pressure is another feature of lu- 
brication flow with purely longitudinal roof motion. 
In this cant ext p is a function of the single variable, 
z, which 1 will sometimes denote by pfs). The par- 
tial derivative &p/8& thus reduces to an ordinary 
derivative [which I will sometimes denote by jEf(s}] 
and the system (2.12) reduces to the single aquation 


&*w\ 


p?(s) 


/ff 2 H) &*W 
■■ .« I TT7T 


Vff^ + ffrO 


(2.13) 


Recall, now, the equation of state (2.1), which one 
may write iu the form 


■ P 


Viz) 

nr 


In the first paragraph of §2. 1 stated the assumption 
that T was uniform. In an ideal gas, so is R. One 
con eludes from the above equation that p. like p. 
is a function of the single variable z [which I will 
sometimes denote by p(z)\ in lubrication flow with 
purely longitudinal roof motion . 
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Plane flow; stream function 


Plane Bow*. Consider the special case in which 
v « 0 identically and there is no variation of the 
other two velocity cDinponents with inspect to the 
spanwiee coordinate, p (i&. the one perpendicular 
to t he plane of Fig. 1.3). Then the fluid velocity 
vector is everywhere parallel to the z~x cxxmflriAte 
plane. Ril lowing custom . I will refer to a flow sat- 
isfying this condition as plane flow. In plane flow, 
then. (3. Id) induces to 


p 1 '^) =fi 


i?t£ 

!h?' 


The second antiderivative af this equation with re- 
spect to 2! is 


pizjjr'X 1 + C7, (s)* + C^z) = p w , (2.11) 


[z 4 ffejf dbr) be the coordinates of two neigh- 
boring points in the How plane and let G bo it con- 
tour drawn between them, hi steady How the net 
rate of transport of mass (per unit span ) into ar 
out of a small triangle with E as the hypotenuse 
and (z 4 say, as the vertex is zero. Now the 
expression (ptn)djf represents the transport across 
the vertical leg of the triangle (positive for outflow) 
and the expression (pu^dz represents the transport 
across the horizontal te" of the triangle (positive for 
inflow). The ne t oxstfime across the two legs is thus 


- (pu)e& , 


which must equal die inflow across G. According to 
(2.16), however, the expression given above for. the 
net rate of outflow across the legs is just 


m which €\{z) and C^z) are arbitrary Functions of ^ f &w\ 3$) Bd r 

z. If one applies the boundary conditions !$x dx ~ ) ^ :r " ^ dx J ‘ ! 


w as 0 era x = 0 y 
w ~ W an x s= h 

(both of which am statements of the no-jdtp condi- 
tion) to (2.14) ana may solve for €h {z) and Cz(z). 
If one suhstitutea these results back into (2.14) one 
gets 

tu.) 

A brief digression hare to introduce the so- 
called xtreazn f unction will expedite the statement 
of boundary conditions in the sequel. Under the 
restriction to plane flow equation (2.9) reduces to 


&jpw) _ $(/ra) 

bz ~ &x 

A standard representation of the velocity eoiapo- 
nmis (w.u) which m compatible with the above 
equation is 


whi ch is the expansion of the total differential, M, 
of the afctema function between the two ends of G. 
One concludes that tAs change m stmam ftmctwn 
between two points m & plane flaw equate the rate oj 
transport ofmms fperxmk span) amass an$ wntom 
dkmtm between those two paints. 

This result is handy in the statement of bound- 
ary conditions. Thus, the condition that a wall is 
impermeable to mass reduces to the statement that 
the &mm function is comtemt an the wtdL This 
mndudes the digression regardi ng the stream func- 
tion and i now resume the main discussion at the 
point where I digressed, namely equation (2.15). 

If one* solves (2.15) far w and substitutes the 

result into ( 2 . 16 ) i one gets 


3® 

— zzz pfz ) 

fa * ' 1 


plz) 


i t 


n W 

2 - for) 4 —x 
h 


The antiderivative of this equation with reject to 
x is 


8tt> && 


(2.16) 


m which (3?,s) 1-4 WiXr) is any twice differentiable 
function of the variables [x,z). Following custom, I 
will refer to such a function . #, as & s&mam function* 
One may Interpret the stream function in terms 
of mass current (per unit spin) across h aratonr in 
the plane of the flow. r Jb this end. let \z,x) and 


t = p(") 




w „ , 
h s 


+m 


(2.17) 

in which f{z) is an arbitrary Function of z. Since 
the floor is impermeable, the stream function must 
be constant on it and it is convenient to choose zero 
for the value of the stream function on Ihe floor. 
One i bus arrive at i.hn boundniy condition tf* - 0 
DU x zz 0 Idx nil s. If one applies this boundary 
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Different ial equation Jdt pfz) 


condition to (2.1?) one concludes that /{» ~ 0 and 
(2.1?) reduces to 




f<s) 







(2. IS) 


Since the roof is also impermeable, the stream func- 
tion must be constant cm it as well. Let ph denote 
the value of the stream fun ction on the roof. If ana 
evaluates. (2.18) at a: = h ( i.e . the roof elevation) 
one gets 




- pte) 


2p 


h s (-| — >|) 4 



But p — plz) a p{z}/tRF) \cf. (2.1) and the discus- 
sion following (2.1 3)] , so the last equation implies 
that 


^ = rtf ) P ( ,z) h 
' k mr L 2u e 


t 



(2. IB) 


Equation (2.19) is an ordinary differential equation 
for the distribution of pressure down the channel. 
Two spedal cases* serve as useful benchmarks. One 
may charactmze the first special ease by the condi- 
tion piz) ~ 0. or p = pa, in which per is a constant. 
This case — which I referred to as COUETTK flow 
in §1— conesponds to the physical situation when 
both ends of the channel are vented to the same 
reservoir. One may characterize the second special 
case by the condition Wn = 0. Now pa represents 
the rate of mass transport per unit span through 
the channel so the condition ph -■= 0 represents a 
blocked channel, ie. one with no net mass trans- 
port. I will refer to this case as the dead-head ca as. 

In the dead-head case t he left member of (2.19) 
is zero by definition. In the mean time, expression 
outside the square brackets in the right member is 
nonzero. One concludes that in the de^d-head case 
the expression inside the square brackets must be 
zero. It follows that 

f{z)b 3 Wh 

2p 8 " 2 ! * 


( 2 . 20 ) 

Since the right member of (2.20) is constant in r 
one concludes that the pressure varies linearly along 
the channel in the dead-hand case. Thus. j/(z) ss 
jtafidh, m which p* is the pressure at the right end 


and f dh is a length, which I will call the dead-head 
length. If one writes po/Ub ta plaoe of p’ \z) in (2.20) 
and rearrange*, one gets. 




P^ 2 
6j uW * 


( 2 . 21 ) 


If the given channel length. £ t is greater than the 
dead-head length. then one ina%- partition the 
channel into two parts, namely the pari where 0 < 
z < f - 4ah (and the p ~~ 0 identically) and the part 
where t~ < s < f (and the pressure ramps up 
linearly to the value. p o; at the right end). 

Some abbreviations will be convenient in the 
sequel. Thus I will denote by q the p resmtm -vc kune 
throughput (per unit span) through the chaunel. 
Let i denote the carre^ponding volumetric through- 
put (per unit span). Then the definition cf q is 
q pB. According to (2.1), however, p = pRT\ In 
the mean time, ph is the muss throughput per unit 
spun, so vh * pB. One ecu dudes that 

y h RF - p6HT^ pS^q. (2. 221 


One should note that q, like ip&, is constant iu z 
under assumptioits already introduced but a is not. 

If one writes Wh =» g/flZT) in (2.19) one may ar- 
range t he result ing equation in the equivalent form 


ph _ 2 a 

I4.(4),i£j£l, (2.231 

6 \Zfb) \pW j ph_ 

pW 

in which each of the fractions illustrated is ucaidi- 
tnensional. One may characterise three regimes of 
the flow as summarised in the following table: 


0< 

pfe 

w ‘ 

" ftW* '■ 

0< 

2«j 
ft H-' 3 

pit 

< pF ’ 

29 

^ n 

ph 



Tible 2.1 

Regimes of 


favorable 
pressure gradient 

weak adverse 
pressure gradient 

stTDiig adverse 
pressii re gradien t 

le solutdons of (2.23) 


t have applied the adjective famrabte (or vnfa- 
wmtble) to the pressure gradient, ^(s). if the pres- 
sures cm the leading and trailing faces of a fluid el- 
ement are unequal and urge the element to move m 
the same Section as (or in the opposite d&eetetm 
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Solution For p(z) 


fr&m) the wall motion. resp^vdy. In How with a. 
Wamble pressure gradient [fffz) < 0), there i& ex- 
pansion rather than ctmpTessdori in the direction, of 
wall motion. The case jf(z) < Q is therefore irrele- 
vant to t he design oF a viscous-drag pump. In (low 
with an adverse pressure gradient (j/fcr) > 0), there 
will be compression in the direct ion of wall raotion if 
the adverse pressure gradient is not strong enough 
to cause reversed flow {p k < 0, or, equivalently 
q < 0). Altenmfcivdy, if the pressure gradient ts 
strong enough to cause reversed flow then the device 
will not act m a coin pressor in that case either. One 
concludes, that the we ak-ad varse-pressur e- gr a d lent 
case in Table 2.1 above* is the only one of interest in 
the design of a viscous drag pump. 

Gue may rearrange (2.231 into a form suitable 
for solution in the case of a. weak pressure gradient, 
«fe. 

2g 

pW* 

~W_ % ~ r 

fiW /ill-' 3 

which now treats z/h as the dependent variable 
and ph/if&W) as the independent variable. The an- 
tiderivative with respect to pkffaiW} is 


{$&) 


ph 

tM 


-+-S T ]ttfjL--22 T 'l+C?3 , (2.24) 

, T —r J^T J 3 • 1 1 


uw* 


in which C 3 is an arbitrary constant, Let the sta- 
tions z = 0 and z ~ i correspond to the inlet and 
th e outlet of the ch annel, respectively. Let p a denote 
the pressure Hi the outlet. If one evaluates (2.24) at 
p s= (where z ~ f) and subtracts the result front 
( 2.24 ) one gets 


( ftfe 2 g \ 

uW fiW 2 

3g • 

pW pW 2 j 

(2.25) 

Figure 2.1 nearby shows a family of pressure dis- 
tributions derived from (2.23) in the special case 

1 P.A/0*«O « 1,000. 

Two features cTtb^e insults merit mention at 
this point. First*, the curve with q = 0 is the dead- 
head case mentioned above. As stated there, the 
slope, jfiz) is constant and the model predicts a 
perfect vacuum in the interval 0 < s < i — 1&. 
Second, each curve with q > 0 tends toward a hori- 
zontal asymptote in the upstream direction (see the 



Fig. 2.1 Longitudinal pressure distributions dcran 
a channel predicted by (2.25) in the special case 
p^h/ipW) « 1.000 (Rana-flow case). 


left margins of the curves). Third, each pressure 
curve attains a mine close to its upst ream asymp- 
totic value at a distance two or three dead-head 
lengths upslTBam of the outlet. This last observa- 
tion suggests that any portion of the chan nel more 
that two or three dead- head lengths upstream of the 
outlet does little more than add weight to the pump 
while pl aying little or w role in compressing t he gas. 

That there should be an asymptote on a curve 
of constant q is apparent from (2.23) since the value 
of the natural logarithm tends to negative infinity 
as 2f//(rtl!“ 2 ]. On such an asymptote 

the pressure is uniform and thus corresponds to the 
COUETTTE state discussed earlier. 

One may derive a simple formula formula far 
the volumetric throughput (per unit span). 6c, an 
the upstream asymptote. This formula will prove 
useful in the sequel, so 1 will derive it now. In the 
text above equation (2.22), I pointed out that « 
p5. fl’ one sub&titutKs this resu lt into the equation 
just before (2.19) one gets 


p(z)6 = pfz) 


p'(z) A 3 Wb 

|T“ + “1" 


If one can cels the common Factor p(x) in the left and 
right member and evaluates on the remote upstream 
asymptote (where p fc?) -*■ 0 arid 6 ~t Sc), oue gets. 



( 2 . 26 ) 


As an application of the foregoing; formulas to 
an initial pump design, consider the following spec- 
ifications: 




Design problem: practical Formula* 


1 . The fluid is air and its temperature inside the 
pump is 1 2D* P; 

2. The volumetric rate of transport, S, of gas into 
the inlet is 7 L/ixdn [0.247 ft*/(nun)].* 

3. The volumatrie transport rate, So, on the re- 
mote upstream asymptote of the pressure dis?- 
tributiau is such that Sc = 1.1 5.; 

4. The aspect ratio of the channel cross section, 
A bfh, in whidi 6 and h are the chanuai 
span and thickness, respectively, has the value 
A =5; 

5. The inlet pressure, ft. and the outlet pressure, 
ft,. equal 10— 1 Atm and l Atm, respectively; 

6. The spin rate of the drum. /, is in the range 
30,000 to 90, G00 RPM; 

7. The radius of the drum. % is in the range 1- 
3 cm. 


With these specifications, one may calculate 
various parameters of a pump such as: the chan- 
nel thickness, k, the channel length, i, the altitude 
of the drum. L. and the area. A, of the drum (to 
name lour examples). With the aim of calculating 
these quantities, one must first, rewrite some of the 
equations already in hand to put them into a farm 
ccmvenimt In this applicat ion. 

From the foregoing definitions, we have So = 
i c k. or, in view of (2.26), 


Sc = 


wm 

2 


(2.27) 


Recall next, that q = | cf. the equation be- 

fore (2.22 )|. But q is independent of portion along 
the channel (e/. the text after (2.22)], so we* may 
calculate q aJt any convenient station along it. IF 
one takes the inlet (where v ~ ft and i = Sfb) as 
this reference station, oue gets 



Now evaluate (2.25) at the inlet (where p — ft 
and z ~ 0) and multiply the result by -1: 



( pj* % \ 

tiW .toy* 1 

FjA gq I 

nW aW* } 


* This value eorrespouds to the rated speed Df a 
scroll pump (Air Squared model number P10H10/ 
NO or Spirad yii -003- DSP) now installed in a pro- 
totype gas aniilymr ( AVEMS) in the Hazardous Gas 
Detection Lab at KSC. 


If one eliminates q by means of (2.28) one gets 

/ P«fr %Pi£ \ 

_ p-. h . , -p-. 5 . pw-ft 1 

A fiW uW ftWH Pih 2ft ff j ' 

\ uw nTPft } 

If one elimmateg b by means of (2.27) then one 
may show, after some reduction* and rearrange- 
ment, that 


l = 


p a fe 2 

tl; j If* 


,_a + ^. ta r 




Pi S 

( f-' 


ft p»Sc 

; j 

(2.20J 

Nate that the expra^iem outside the large curly 
braces in the right member is equals the dead-head 
length. Id h. defined by (2.21). 

If one substitutes b ~ Ah into (2.27), one gets, 
after rearrangement, 


tr 


2 Sc - 
A W ’ 


In the mean time, we know that.f 
W » 2a3l/ . 


<2. 3D) 


(2.31) 


If one eliminates W tan (2.30) by means af (2.31) 
one gets 

2 2S C 

h 2 =* ■ -F (2 39) 

A2jtX/ ’ ’ ■ 

If one substitutes (2.31) and ( 2.32) into (2. 2D) 
to eliminate W and ti*, r^pseriveh r t one gets 




P* Sq I ft 

3fi A(25t 3J/) 2 j ft 



( 2 . 33 ] 


From the speeifi cation that the gas is air at 
T ssz 120" F one can look up the corresponding 
shear visoGsity, p. fmirt a handbook or calculate 
it from a standard empirical formula, such as the 
go-called Suth&rlasid l&m [ cf. IKS. St&ndant Atmo- 
sphew 1976. [1]. The latter gives 


'ft — 1 18- x 10' 4 dyne s (cm)’ 2 . (2.34) 

f Remember that / is in qrcte per unit time 
rather than m&am per unit time. This distinc- 
tion accounts for the presence of the Factor 2x in 
the result asserted. 
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With (2.34) and the data, in the specifications 
above, equation (2.33) is in a idrm suitable far im- 
mediate substitution erf numerical values, provided 
one takes due account of necessary unit conversions. 
As an example or the latter, one may note that 

p„ = 1 Atm = 1.01325 x 10 s dyne (cm) -2 

which expedites tire computation of the ratio pt/p 
hi (2.33). Thus, specifications 3 and 5 above am 
sufficient to determine the numerical value of the 
expression in curly braces above (It has the value 
1 .00096). The closeness of this factor to one is worth 
rioting and is a consequence of the smallness of the 
tear jfc/jk. 

Onemny now tabul ate the channel length , f, by 
substitu ting the foregning values of the parameters 
into the right member of (2.33). Table 2.1 lumisb® 
results obtained in this way. 



£ (m) 

32 

(cm) 

/ — 310 4 
(RPM) 

/ 588 G-1D 4 

(RPM) 

/= 9-10 4 
(RPM) 

1 

45.12 

11.28 

5.01 

2 

11.28 

2.82 

1.23 

3 

5.01 

1.25 

0.557 


Table 2.1 Dependence of channel length, t, upon 
drum radius, 32, and rotation rate, /. 

The square root of equation (2.32) furnishes n 
formula for the ft. Table 2.2 himish* calculated 
values of ft: 



h (mm) 

32 

(an) 

/ =3-10* 
(RPM) 

/= S-1B* 
(RPM) 

/ = 9-10* 
(RPM) 

1 

1.278 

0.904 

0.73S 

2 

0.904 

0.639 

0.522 

3 

0.738 

Q. 522 

0.426 


Table 2.2 Dependents of channel width, ft, upon 
drum radius, 32, and rotation rate, /. 

If, as stated earlier, one constructs a viscous 
drag pump by rotating a cylindrical drum in a sta- 
tionary cylinder then one may estimate the inside 
area. A, uf the cylinder by the product of the chan- 
nel length, f with the channel span, t> — Aft. Of 
course, the cylinder ares in a real pump must be 


larger to allow tor the portion of the area taken 
up hy seals between adjacent channels (or threads). 
Even, so the the product iAfc := A is interesting 
since one expects that, the mass, of a hollow dram to 
scale with this quantity. Table 2.3 furnishes calcu- 
lated rallies of A: 



.4 (cm) 2 

32 

(cm) 

/= 3-10* 
(RPM) 

/ = 6-10* 
(RPM) 

/ = 9-10* 
(RPM) 

1 

2884. 

509.8 

185.0 

2 

509.8 

90.12 

32.70 

3 

185.0 

82.70 

11.87 


Table 2.3 Dependence of cylinder area A , upon 
drum radius, 32, and rotation rate, /. 

If one divides the cylinder area, A , by the cylin- 
der circumference, 2x32, one gets the cylinder alti- 
tiide, L. Table 2.4 fnrnishas calculated values of L. 



L (cm) 

R 

(cm) 

/ = 31tP 
(RPM) 

/-^e-io 4 

(RPM) 

/ = 9-ia 4 
(RPM) 

i 

459.0 

81.14 

29.44 

2 

40.57 


2.Q03 

3 

9.815 

1.735 

o.6 


Table 2.4 Dependence of cylinder altitude L, upon 
drum radius, 32, and rotation rate, /. 

I will coududa the discussion of numerical re- 
sults by noting that the pressure-volume through- 
put. <3, defined by Q PiS, is a constant of the 
problem. Thus, sdnen S and p* are given hy Spec- 
ifications 2 and S. respectively, the corresponding 
value of Q becomes 7 x IP -4 Atm L/iriin or 

Q -- 1.167 x 10"- Atm |cm) s /s) . 


3. CONCLUSIONS 

The present effort supports several conclusions in- 
cluding the following: 

t. The assumptions of lubrication theory of a gas 
enable one to solve for the plane Bow down a 
uniform channel (with roof motion parallel to 
the long axis of the channel) in terms of ele- 
mentary functions; 
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Unresolved issu®; future opportunities. 


2. One may identify three distinct regimes of the 
flow. namely favorable pressure gradient, weak 
adverse pressure gradient, and strong adverse 
pressure gradient, of which only one is compat- 
ible with flow in a cornpressor; 

3. If one can span the drum up to 9 x 10* RPM. 
then one can replicate the pumping speed 
(namely 7 L/min) of existing backing pumps 
of scroll- and diaphragm- type with a cylindri- 
cal drum of surface aim less than 1 2 (cmjT. 

4. UNRESOLVED ISSUES; FUTURE OPPOR- 
TUNITIES 

The foregeing conclusions give cause for optimism 
that miniaturisation of backing and roughing pumps 
of viscous dTag type may be possible. The relative 
simplicity of the concept also suggests that sudt a 
device may be mggedked. 

In the geometry considered thus far the veloc- 
ity. v^r, of the roof rdativeto the floor corresponds 
to the vdacity of a stationary cylinder relative to a 
rotating drum interior to it. If the channel has the 
shape of a screw-thread than there will inevitably 
be a component of y^. say v T ^ af , perpcajdieular to 
the thread. Thus effects of a nonzero v T I nnf include 
a tWD-dirnensLCjnaj jeamulatmg jffotr in the plane of 
a typical cross section . The prerena? of sucb a re- 
circulating flow m ay influence the perfamance of a 
pump in a number of ways. Tb discuss them, how- 
ever. I must first describe the so-called lijfaip effect 
Tbset the stage for a dnscription of the lift up ef- 
fect, raite that ilie red rculating How will rare some 
fluid particles closer to the roof and others closer to 
the floor. There will be gome tendency for such par- 
tides to retain their transition stf momentum (and, 
lienee, their stream wise velocity, a?) as they move 
into a new environment. The velocity distribution 
given by £2.15) would thus be subject, to warping. 
This warping of t he sireamwise velocity distribution 
m the httup effect, a phenomenon discus^xl (for ex- 
ample} by LLWIC Prandtl in the 1920s. The 
liffcup effect may affect pump performance in num- 
ber of warn Thus: 

1. The pump perfbnnance estimates given above 
presume that the flow is not turbuleut. The 
lifcup effect typically destabilizes a uonturbu- 
lent flow and mate it more apt to become tur- 
bulent. The quest ion of whether — or if— the 
flow trips to a turbulent state and, if it does, 
how the turbulence affects the pump perfor- 


mance. are serious questions worthy of further 
investigation. 

2. Even if there is no turbulence, the redistribu- 
tion of streatnwise momentum in the cross sec- 
tion due Id the liftnp affect may affect the per- 
formance of the pump significantly. The deriva- 
tion of appropriate formulas or computational 
models to predict such change* in performance 
is a important subjert for follow-on work. 

3. The recirculating flow in the cress sect ion and f 
for that matte, the flow as a whole m ay be af- 
fected significantly by the leakage of fluid across 
seals that strata adjacent flow channels on 
the rotating drum. The derivation of appropri- 
ate formulas ar computational models to pre- 
dict such effects of seal leakage— and its effects 
on pump performance — is a fit subject for fur- 
ther investigation. 
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